INTRODUCTION
Speech-production development during the first 2 years of life has been described as a set of universal stages ͑Kent, 1992; Oller and Lynch, 1992; Stoel-Gammon, 1992͒ . Wide consensus now exists among investigators on specific, orderly changes that occur in the vocalizations produced by young infants in American English ͑Oller, 1978; Stark, 1980; Stoel-Gammon and Cooper, 1984; Miller, 1988͒ and other languages ͑Holmgren et al., 1986; Koopmans-van Beinum and van der Stelt, 1986; Roug et al., 1989͒ . Five stages in vocal development can be identified: reflexive phonation ͑0-2 months͒, in which vegetative or reflexive sounds such as coughing, sneezing, and crying predominate; cooing ͑1-4 months͒, in which infants produce quasivocalic sounds that resemble vowels; expansion ͑3-8 months͒, characterized by the occurrence of clear vowels that are fully resonant and a wide variety of new sounds such as yells, screams, whispers, and raspberries; canonical babbling ͑5-10 months͒, during which infants produce strings of consonant-vowel syllables, such as ''bababa'' or ''mamama,'' and meaningful speech ͑10-18 months͒, wherein infants mix both babbling and meaningful speech to produce long intonated utterances.
Although there is consensus on describing speech production stages, little is known about the processes by which change in infants' vocalizations are induced. Two factors are critical in the early phases, anatomical change and vocal learning. The young infant's vocal tract is very different from that of the adult, more closely resembling that of a nonhuman primate than that of an adult human ͑Bosma, 1975; Kent, 1981; Lieberman et al., 1972͒ . The infant's vocal tract is not only much smaller than that of the adult's, it has a broader oral cavity, a tongue mass that is proportionally larger and more anterior, and a more gradually sloping oropharyngeal tract ͑see Kent, 1992 for review͒. During the first half year of life the vocal tract undergoes dramatic change as it develops into one that more closely resembles that of the adult human ͑Sasaki et al., 1977͒. This anatomical restructuring contributes to increased motor dexterity of the articulators and an increase in the formant range that can be produced. Anatomical changes contribute, at least in part, to the stage-like changes seen in infants' vocalizations worldwide.
A second factor responsible for change in infants' vocalizations, one we know much less about, is vocal learning. Human infants listen to ambient language spontaneously and attempt to produce sound patterns that match what they hear. In other words, infants acquire the specific inventory of phonetic units, words, and prosodic features employed by a particular language in part through imitation. At the endpoint of infancy, toddlers ''sound like'' a native speaker of their language. Homo sapiens is the only mammal that displays vocal learning, the tendency to acquire the species-typical vocal a͒ Author to whom correspondence and requests for reprints should be addressed.
repertoire by hearing the vocalizations of adults and mimicking them. Humans share this ability with a few select avian species, the songbirds ͑Konishi, 1989; Marler, 1974͒ , who learn their species-specific songs only if they are auditorially exposed to them during a sensitive period early in life ͑Not-tebohm, 1975͒.
There is evidence that the experience gained from hearing oneself and others, not solely anatomical change, contributes to speech-production development. Deaf infants' vocalizations differ from those of normal infants. The onset of canonical babbling is delayed in deaf infants, and when it occurs, the babbled utterances differ in duration and timing ͑Kent et al., 1987; Oller and Eilers, 1988; Oller et al., 1985͒. Moreover, the phonetic inventories of deaf infants differ from those of normal infants. Deaf infants rely on sounds that are visually prominent, such as /ba/ and /ma/, to a greater extent than normal infants ͑Stark, 1983; StoelGammon, 1988; Stoel-Gammon and Otomo, 1986͒ . The role of audition in the learning of vocalization is also suggested by the fact that adult speakers of the language speak the dialect produced locally. Hearing a specific language early in life puts an indelible mark on one's speech. Thus, the acquisition of speech is both anatomically constrained and auditorially guided ͑for an extended discussion of visual and other multimodal influences, see Kuhl and Meltzoff, 1988; Locke, 1993; Meltzoff and Kuhl, 1994͒. Identifying the age at which infants begin mimicking the sound patterns they hear is important for theory construction. Relevant data can be adduced from the age at which infants from different language environments begin to produce sounds that are unique to their own native language. Crosscultural studies in which the sounds produced by young infants were phonetically transcribed suggest that infants' earliest vocalizations do not show an effect of language environment ͑Holmgren et Koopmans-van Beinum and van der Stelt, 1986; Oller, 1978; Roug et al., 1989; Stark, 1980; Stoel-Gammon and Cooper, 1984; Vihman and Miller, 1988͒. However, between 10 and 12 months of age, a few studies suggest that infants from different linguistic environments have begun to exhibit differences in their vocalizations ͑de Boysson- Bardies et al., 1989; de BoyssonBardies et al., 1984; de Boysson-Bardies et al., 1992͒. Between 2 and 3 years of age infants from different cultures show clear differences, even in subtle measures ͑Stoel-
One question is whether vocal learning begins only after the first or second year ͑when language-specific effects are well documented in spontaneous utterances͒ or whether there is learning taking place earlier. Vocal imitation provides evidence of the potential for learning, and this ability may be present well before the measurement of a corpus of spontaneously produced utterances shows that learning has taken place.
The importance of documenting the development of vocal imitation for theories of speech and language has been discussed by Kent and Forner ͑1979͒, Kuhl and Meltzoff ͑1982, 1988 Meltzoff and Kuhl, 1994͒, Locke ͑1993͒, and Studdert-Kennedy ͑1986, 1993͒ . Vocal imitation requires that infants recognize the relationship between articulatory movements and sound. In adults the information specifying auditory-articulatory relations is exquisitely detailed ͑e.g., Perkell et al., 1993͒ . It is as though adults have an internalized auditory-articulatory ''map'' that specifies the relations between mouth movements and sound. When do infants acquire the auditory-articulatory map?
Experimental studies of vocal imitation in the first year of life are rare. However, intriguing observations suggesting a capacity for vocal imitation are abundant. From Piaget ͑1962͒ on, reports have appeared of the imitation of some aspect of speech, typically the prosodic characteristic of pitch ͑Kessen et al., 1979; Lieberman, 1984; Papousek and Papousek, 1981͒ . In some cases, both the imitation of the prosodic aspects of pitch and vowel formants is suggested ͑Lieberman, 1984, 1991͒. The studies have methodological problems that prevent strong inferences about vocal imitation, however. All but one ͑Kessen et al., 1979͒ involved natural interactions between infants and adults, and as such are subject to a variety of problems, the most important of which is the question, ''Who is imitating whom?'' In the Kessen et al. ͑1979͒ study, infants were reported to match the absolute pitch produced by a pitch pipe. However, infants were tested in multiple sessions over several months, and the issue of whether infants' responses were due to specific training/shaping by the experimenters was unresolved. In more recent work ͑Legerstee, 1990͒, utterances were coded by people who were not phonetically trained and no instrumental analysis of infants' vocalizations was provided.
Suggestive evidence for vocal imitation was also reported by Kuhl and Meltzoff ͑1982͒. In that study infants were presented with an auditory-visual cross-modal matching task using the vowels /a/ and /i/. Infants viewed two filmed images of a female talker producing the two vowels side by side and heard either /a/ or /i/. The results showed that infants looked longer at the face matching the sound they heard, demonstrating cross-modal matching ͑Kuhl and Meltzoff, 1982 . Infants also vocalized in response to the adult female's productions, mimicking the intonational pattern they heard. It was shown that infants responded differentially to speech versus nonspeech stimuli, producing significantly more speechlike vocalizations when listening to speech as opposed to nonspeech ͑Kuhl and Meltzoff, 1982 The present experiment examined infants' vocalizations in response to vowels at 12, 16, and 20 weeks of age. The three specific aims were to: ͑a͒ compare the acoustic nature of infants' and adults' vocalizations, ͑b͒ examine developmental change in the infants' vocalizations between the ages of 12 and 20 weeks of age, and ͑c͒ assess vocal imitation in a laboratory setting using the vowels /a/, /i/, and /u/ ͑as in the words ''hop,'' ''heap,'' and ''hoop''͒. Both perceptual ͑pho-netic transcription͒ and instrumental ͑spectrographic͒ analysis methods were used. This is the first laboratory study on infant vocal imitation in which the model's utterances were computer controlled and both perceptual and instrumental techniques were used to analyze infants' responses to modeled utterances.
I. METHOD A. Design
A method was developed for examining vocal imitation in young infants. There were three noteworthy aspects of the method. First, the vocal stimulus was presented by a machine. This allowed the stimulus to be quantified completely, repeated in an identical way for each infant, and avoided interchanges that are open to the question, ''Who is imitating whom?'' Second, Meltzoff and Moore described the necessary logic and controls for investigating imitation in the gestural domain, and their ''cross-target'' design was adapted for use in vocal imitation ͑Meltzoff and Moore, 1983a, b͒. In this design, different speech sounds ͑e.g., phoneme No. 1, No. 2, No. 3͒ are presented to groups of infants and used as controls for one another. Because the vocal stimuli are produced by the same talker, at the same distance, at the same rate, and for the same temporal response period, any differential response by infants is attributable to the variable being manipulated, namely, the content of the model's vocalization. If infants' vocalizations differ as a function of stimulus condition and match the model's vocalizations, this suggests vocal imitation. Third, both perceptual ͑phonetic transcription͒ and physical ͑computerized spectrographic͒ analyses were used. Phonetic transcription is needed to establish whether an infant's response perceptually matches that of the adult phonetic category. Instrumental analyses establish which acoustic dimensions infants are capable of varying and establish how infants manipulate those dimensions when producing sounds that are perceived as different. Using both approaches is important in gaining an understanding of infant vocal development and in demonstrating vocal imitation.
B. Subjects
The subjects were 72 infants, 24 in each of three age groups, 12-, 16-, and 20-weeks old. Infants visited the laboratory for three test sessions, typically on consecutive days. The mean age of the three groups at the initial test was 12.2 weeks ͑range: 11.57-12.35͒, 16.1 weeks ͑range: 15. 55-16.49͒, and 20.3 weeks ͑range: 19.80-20.32͒ . Approximately equal numbers of girls and boys were tested at each of the three ages. Participation in the experiment was elicited by a letter that was sent to the parents of newborns in the Seattle area. Interested parents returned a postcard that provided details regarding birth and family medical history. Preestablished criteria for inclusion in the study were that infants had no known visual or auditory deficits, had uncomplicated deliveries and were developing normally, were full term ͑Ͼ37 weeks gestational age͒, normal birthweight ͑2.5-4.5 kg͒, and that members of their immediate families had no history of hearing loss. An additional 45 infants failed to complete testing due to crying ͑8͒, equipment failure ͑2͒, sessions that were more than one week apart ͑1͒, or failure to return for all three sessions ͑34͒. Parents were paid $25 for completing the experiment.
C. Stimuli
Three vowels served as stimuli: /a/ as in ''hop,'' /i/ as in ''heap,'' and /u/ as in ''hoop.'' The stimuli were presented to infants as auditory-visual face-voice stimuli. It was felt that both the face and the voice would be necessary to create a sufficiently natural situation to induce the infant to produce speech, given that the stimulus was not presented live in a natural setting but in a controlled laboratory setting by a machine.
All vowels were produced by the same female talker. Vowels were audio and video recorded in a studio using a color camera ͑Ikegami ITE 730A͒ and high quality microphone ͑Sony EMC 50 electret͒, which fed a 3/4 in. videotape machine ͑JVC CR-8250U͒. The video focused on a closeup of the woman's face against a black background. The talker, cued by a timer that delivered a tone to her right ear, produced a vowel once every 5 s, attempting to articulate them slowly and clearly. Rather than use a single production of each of the three vowels, we used eight different productions to represent each of the vowel categories on the final stimulus tape. Different exemplars of each category were used to provide some natural variation in the characteristics that do not affect the identification of the three vowels, such as intensity, duration, and fundamental frequency. This variation gave the sense that the set of stimuli were produced in a natural style, and this made them more interesting to listen to and look at. The video tokens were selected such that the series of eight visual stimuli appeared natural but contained no eye blinks during the production of any of the vowels. These eight visual stimuli were edited with minimum loss of auditory or visual fidelity ͑Convergence Corporation ECS-90͒ to produce a 10-min videotape for each of the three vowels which contained 16 blocks of the sequence of eight stimuli.
The auditory signals that were used were not recorded with the original videotaped utterances, but corresponded in duration to the sequence of eight video stimuli ͑each audiovideo pair in the sequence had to be within 30 ms in total duration͒. The sequence of eight auditory vowel stimuli were judged to be excellent exemplars of each of the three speech categories. The stimuli were low-pass filtered at 10 kHz and digitized at a 20-kHz sampling rate using a PDP 11/73 computer. The audio tokens were then dubbed, in sequences of eight stimuli, onto the video stimuli contained on the 10-min videotapes. When dubbing the audio tokens onto the video tokens, synchrony was determined by using the original audio signals that had been recorded on one channel of the videotape to cue the computer to output the new audio tokens. This resulted in audio-video synchrony for the experimental tokens that matched that of the original auditoryvisual signals.
Spectrographic measurements confirmed the fact that the first two formant frequencies of the sets of /a/, /i/, and /u/ vowels varied in the predicted fashion. The formant frequency values for the three vowels were as follows: for /a/, F1 ͑M ϭ764.5, rangeϭ715-786 Hz͒, F2 ͑M ϭ1010.3, range 967-1029 Hz͒; for /i/, F1 ͑M ϭ296.1, range, 285-310 Hz͒, F2 ͑M ϭ2726.4, range, 2674-2818 Hz͒; for /u/, F1 ͑M ϭ294.1, range, 280-309 Hz͒, F2 ͑M ϭ943.4, range, 873-1013 Hz͒. These values fall within the range that has previously been reported for adult females' productions of the vowels /a/, /i/, and /u/ ͑Peterson and Barney, 1952͒. The average duration of the vowels was 1.63 s ͑rangeϭ1.40-1.87͒. The vowels were presented at an average intensity of 68-dB SPL ͑rangeϭ65-70 dB͒ measured at the location of the infant's head ͑Bruel & Kjaer, A scale, fast͒. All of the vowels were produced with a rise-fall intonation contour.
D. Equipment and test apparatus
The test suite consisted of two soundproof rooms separated by clear glass. The control room housed a PDP 11/73 computer, video playback machine ͑JVC CR-8250U͒ that reproduced the stimulus for infants, a video recorder with high-definition specifications ͑Sony SL 5600͒ for recording infants' visual and auditory vocalizations, and an audio cassette recorder ͑Tascam 122 MKII͒ for an additional recording of both the infants' and the models' vocalizations.
In the test room the video image was displayed on a 12-in. television screen ͑NEC JC1215MA͒ placed on a stand at eye level for the infant. The television screen was embedded within a 1.5-m-highϫ1.2-m-wide gray cloth-covered panel; the screen was visible through a window cut in the panel. The face was lifesize ͑21-cm long, 15-cm wide͒. Two adjacent panels, 1.5-m highϫ0.9-m wide, also covered in gray cloth, prevented the infant from being distracted by surroundings in the test room. A camera ͑Panasonic, model WV-135A͒ was positioned behind a small hole in the front panel. It recorded a closeup of the infant's face ͑from about 2.5 cm below the chin to top of the forehead͒. A high-quality microphone ͑Audio Technica Shotgun, model AT815A͒ was used to record infants' vocalizations; its cylindrical shape allowed it to protrude through the panel to a position several inches from the infant's mouth. A loudspeaker ͑Boston A40V͒, placed on top of the monitor behind the middle panel, reproduced the audio stimulus. During the experiment the room lights were extinguished; the only light available was that generated by the video image.
E. Procedure
Infants were seated in the infant seat which was firmly clamped to a 76-cm-high table. The child was secured in the infant seat with Velcro straps. When seated, infants faced the three-sided cloth-covered theater, the front panel of which displayed the video screen. Before the experiment, infants were held by the parent in the room for a few minutes to adjust to the room. Then, the mother handed the infant to an assistant, left the room, and closed the door to the soundproof room. The stimulus tape was started to allow the infant to adjust to the voice of the talker while the assistant secured the infant in the infant seat. Once the infant was secured, the assistant walked behind the infant and pressed a button which initiated the 5-min recording period. During the 5-min session, the assistant did not talk to or touch the infant. At the completion of the 5-min recording period, the infant was removed from the seat.
F. Scoring and acoustic analysis of infants' vocalizations
The analysis of vocal responses had three components: the selection of vocalizations, perceptual analysis of the vocalizations, and instrumental analysis of the vocalizations.
All vocalizations that occurred in the silent intervals between the adult's vocalizations ͑3.37 s, on average͒ were isolated for further analysis. Adult utterances ͑and all infant utterances that overlapped with those of the adult͒ were eliminated for two reasons: ͑a͒ when analyzing the vocalizations perceptually, hearing the voice of the adult would potentially bias the observer toward the category of sounds produced by the model, and ͑b͒ when analyzing signals instrumentally there is no way of separating the utterances produced by the adult from those produced by the infant. The elimination of the adult's vowels was done instrumentally by sending the audio signal recorded from the test room to two devices, the video recorder and the audio cassette recorder. The audio cassette recorder received all audio information recorded in the room, that is, both the model's and the infant's vocalizations. However, the video recording, which was used by the transcriber, received only the infants' utterances. The models' utterances were blanked out of the audio portion of the video recording by a specially constructed hardware/software interface between the computer and the video recorder that shut down the audio recording 50 ms before until 50 ms after the adult's utterance. The result is that no adult vocalizations occurred on the scoring tape, and therefore no possibility of scorer bias.
''Criterion'' utterances were selected by a trained phonetician who watched the video and listened to the audio track that contained only the infants' utterances. The scorer was thus completely unaware of the stimulus presented to the infant. The scorer selected utterances that contained ''vowellike'' sounds on the basis of the articulatory and perceptual characteristics typical of vowels. The operational definition of vowel-like was a continuous, voiced sound produced with normal laryngeal vibration in the absence of aspiration or frication. Utterances had to be produced on an exhalatory breath with a visibly open mouth, be relatively steady state, and have an audible voice pitch. Utterances that occurred while the infant's hands were in the mouth were eliminated. The application of these operational criteria ensured that a range of nonspeech vocalizations were eliminated such as crying, laughing, sneezing, squealing, smacking, coughing, gurgling, grunting, hiccoughing, and burping. What remained were the sounds typically referred to in the literature as infant ''cooing.'' Of the 72 infants tested, 63 produced at least one vocal utterance. Of these 63 infants, 45 produced at least one criterion utterance qualifying as vowel-like using the operational definition. For the group of 45 infants, a total of 224 utterances met the criteria ͑M ϭ4.98 per infant, range: 1-27͒.
These 224 utterances were scored both perceptually and instrumentally. The perceptual analyses were done by having an individual trained in the phonetic transcription of infants' vocalizations listen to each of the utterances and code it as one of the eight vowels: /i, (, ⑀, ,, a, #, *, u/. Although young infants do not produce perfect instances of these vow-els, a person trained in coding infants' vocalizations can judge which vowel category an utterance most closely resembles. For scoring purposes, the 224 utterances were randomly ordered on a test videotape. When the scorer transcribed the utterances from this tape, she could replay utterances as often as she wanted before making a judgment. Once transcribed, the vowels were statistically analyzed by grouping the eight phonetic categories into one of three groups: /a/-like vowels ͑/a/, /,/, and /#/͒, /i/-like vowels ͑/i/, /(/, and /⑀/͒, and /u/-like vowels ͑/*/ and /u/͒. To assess reliability, a second phonetically trained individual rescored the entire corpus of utterances. Transcriptional agreement for coding utterances into the three categories was 86%, calculated as the number of disagreements divided by the sum of the agreementsϩdisagreements.
Instrumental analysis was conducted by an individual who was blind to the transcriptional classification of each utterance. This person was trained in speech acoustics and in the use of specialized spectrographic equipment. The individual had prior experience analyzing infants' vocalizations, which are particularly difficult to analyze because of infants' high fundamental frequency and the attendant low density of harmonics in the source spectrum. Infants' vocalizations were lowpass filtered at 10 kHz and digitized at a 20-kHz sampling rate. The infant utterances were analyzed using Kay Elemetrics microcomputer-based equipment ͑CSL, version 4.0͒. Formant values were obtained through the corroboration of three analyses, a narrowband spectrogram ͑114 Hz͒, a fast Fourier transform ͑256 points, preemphasis, Blackman window weighting͒, and LPC frequency response ͑10-ms frame length, filter orderϭ12͒.
Each utterance was sampled at five locations: onset, at the 1/4, 1/2, and 3/4 points, and offset. Five acoustic parameters were measured at each location: the first formant (F1), the second formant (F2), the compact-diffuse ͑CD͒ feature, the grave-acute ͑GA͒ feature, and the fundamental frequency (F0). Total duration ͑DUR͒ was also measured. The CD and GA features distinguish /a/, /i/, and /u/ vowels, and specify the relationship between the first two formant frequencies. CD measures the relative spacing between the first two formant frequencies and was calculated by subtracting F1 from F2. GA measures the extent to which the average of the first two formant frequencies is low or high in frequency, (F1 ϩF2)/2. According to feature theory ͑Jakobson et al., 1969͒, the vowel /a/ is compact and grave, while the vowel /i/ is diffuse and acute. These acoustic features of speech are not frequency specific, and using them makes it possible to compare the vocalizations of adults and infants. Interscorer agreement on the spectrographic measures was estimated by having an additional instrumentally trained person repeat 20% of the measures drawn randomly across vowels, subjects, locations, and acoustic parameters ͑F1, etc.͒. The data revealed that the measurement error was within 5% of the original value, which is considered excellent for infant vocalizations ͑Kent, 1992͒.
II. RESULTS
Infants' vocalizations were analyzed both perceptually and instrumentally. Perceptual analysis was accomplished by phonetically trained listeners and instrumental analysis by spectrographic measurement. The data bear on three questions: ͑a͒ Where do infant vowel productions fall within adult vowel space? ͑b͒ Are there developmental changes in vowel production between 12-and 20-weeks of age?, and ͑c͒ Do young infants exhibit vocal imitation?
A. Infant vowel space: Relating infants' to adults' vocalizations
Infants produced 224 utterances meeting the criteria for vowel-like vocalizations. The number of utterances as a function of age ͑12-, 16-, and 20-weeks old͒ was, respectively, 79, 83, and 62. The frequency of different utterance types ͑/a/-like, /i/-like, and /u/-like vowels͒ in the corpus was respectively, 105, 37, and 82.
The values of F1, F2, GA, CD, and F0 were obtained by instrumental measurement for each utterance. Statistical tests indicated that there were no significant differences in the parameter values depending on whether the middle three locations within an utterance ͑1/4, 1/2, or 3/4 points͒ or all five locations were considered. Therefore the average of five locations was used to specify each parameter ͑F1, F2, etc.͒ in the table, figures, and statistical analyses which follow.
A total of 5824 acoustic measurements ͑26 measurements per utteranceϫ224 utterances͒ were attempted across the corpus. In the case of 34 utterances, acoustic measurement was not possible due either to the presence of noise ͑Velcro noise from the strap that secured the infant in the seat͒, or the fact that the infant's fundamental frequency was high and energy was present at all harmonics obscuring the formant frequencies. Although these factors did not prevent phonetic transcription ͑because the transcriber could perceptually segregate utterances from noise and identify vowel quality for utterances with high fundamental frequencies͒, these factors prevented accurate spectrographic measurement. These 34 utterances were therefore not analyzed acoustically. Descriptive statistics for each of the six acoustic dimensions ͑F1, F2, CD, GA, F0, and DUR͒ on the resulting corpus of 190 utterances are provided in Table I. Table I lists the mean, standard deviation, minimum, and maximum for each utterance type at each age. range of formant frequency variation seen in adult and child speakers, they nonetheless produce vowel-like sounds that show substantial acoustic variation.
B. Developmental changes in vocalizations between 12 and 20 weeks of age
Figure 3 displays the vowels of 12-, 16-, and 20-weekold infants in F1/F2 coordinate spaces. In each graph, infants' vowel utterances are coded according to the transcription provided by the phonetically trained listener. The closed curves, drawn by visual inspection of the graphs, enclose 90% or more of the utterances in each category.
It is clear from Fig. 3 that utterances coded as a particular vowel form a cluster in acoustic space. This is the case even for the youngest infants, the 12-week-olds. For example, vowels with the highest F2 values and relatively low F1 values are coded as /i/, while those with lowest F1 and F2 values are coded as /u/. The relationship between the acoustic properties and the transcription observed for infants' vowels is similar to the relationship between acoustic properties and transcription that exists in the categorization of adults' vowels ͑Peterson and Barney, 1952͒.
Figure 3 also reveals that the areas of vowel space occupied by infants' /a/-, /i/-, and /u/-like vowels become progressively more separated between 12 and 20 weeks of age, due to a tighter clustering of the vowels in each category over time. This developmental shift could be due to anatomical changes that stabilize infants' articulatory movements over time. This would be compatible with the fact that infants' vocal tracts are rapidly changing during this period ͑Sasaki et al., 1977͒. On the other hand, it is intriguing to consider the possibility that the increasingly tighter clustering seen for categories of infants' vowels could be due, at least in part, to vocal learning. Perhaps infants are listening to the vowels produced by adult speakers of the language and are striving to produce vowels themselves that perceptually resemble those they hear adults produce. This latter point hinges on infants' abilities to match, with their own vocalizations, the vocalizations they hear another person produce ͑discussed below͒.
It is also of interest to examine developmental change in infants' vocalizations using the featural measures. GA and CD measurements were taken for each of the vowels at each of the five locations. The GA and CD features distinguish adults' vowels, especially the vowels /a/, /i/, and /u/ ͑see Syrdal and Gopal, 1986͒. Figure 4 displays the featural measures of the utterances of 12-, 16-, and 20-week-old infants in compact-diffuse/grave-acute coordinate plots. The closed curves encircling the utterances of a particular type were drawn by visual inspection to encompass 90% or more of the utterances in each category. These plots suggest that, at the earliest age tested, 12 weeks, the /a/, /i/, and /u/ utterances are differentiated by the GA and CD acoustic features. Examination of the space occupied by the three vowels across age, however, suggests that infants' vowel categories become much more separated over this 8-week period.
C. Statistical analysis of the acoustic measurements
The plots in Figs. 3 and 4 suggest that the acoustic measures differentiate infants' vowel categories ͑as defined by the transcriber͒. Statistical analysis of each acoustic variable was undertaken to verify which measures were statistically reliable. Using a 3 ͑age: 12, 16, 20͒ϫ3 ͑vowel category: /a/, /i/, /u/͒ analysis of variance ͑ANOVA͒, the main effects and interactions were examined for each of the six acoustic measurements ͑F1, F2, CD, GA, F0, and DUR͒. When appropriate, follow-up tests were conducted ͑simple effects and Tukey-HSD post hoc tests͒.
Analysis of the F1 measurements revealed a significant main effect of vowel category, F ͑2,181͒ϭ66.69, pϽ0.001, and a main effect of age, F ͑2,181͒ϭ5.75, pϽ0.005. The interaction between age and vowel category was not significant, pϾ0.20. Follow-up tests revealed that at 12 and 16 weeks, the F1 values for /a/ were significantly higher than for /i/ or /u/; the values of /i/ and /u/ did not differ. By 20 weeks of age, tests revealed that the F1 values for /a/, /i/, and /u/ all differed significantly. Thus, analysis of the F1 data reveals that at each age significant differences in the predicted direction exist among the /a/, /i/, and /u/ utterance types; moreover, the data show that the F1 values of /a/ are separated from /i/ and /u/ before the latter two are differentiated.
Analysis of the F2 measurements revealed a significant effect of vowel category, F͑2,181͒ϭ40.75, pϽ0.001. Neither the effect of age, pϾ0.40, nor the interaction between age and vowel category, pϾ0.40, was significant. Follow-up tests revealed that the F2 values for /i/ are significantly higher than those for /a/ and /u/ at all ages. The pattern of F2 values shown by infants thus conforms to that shown by adults.
Analysis of the CD measurements revealed a significant effect of vowel category, F͑2, 181͒ϭ32.64, pϽ0.01. Neither age, pϾ0.08 , nor the interaction between age and vowel category, pϾ0.20, was significant. Follow-up tests revealed that the vowel /i/ is significantly more diffuse than /a/ and /u/, as expected, for all three ages.
Analysis of the GA measurements revealed a significant effect of vowel category, F͑2,181͒ϭ52.03, pϽ0.001. Neither the effect of age nor the interaction between age and vowel category was significant, pϾ0.40 in both cases. Follow-up tests show that /u/ is significantly more grave than either the /i/ or /a/ vowels. Thus, the patterning of the three vowels on the GA dimension conforms to the pattern shown by adults.
Analysis of the F0 measurements revealed a significant effect of vowel category, F͑2,181͒ϭ4.61, pϽ0.05 . Neither the effect of age nor the interaction, between age and vowel category was significant, pϾ0.10 in both cases. Follow-up tests revealed that the significant effect was attributable to the fact that the 16-week-olds produced their /u/ vowels with a higher F0 than either their /i/ or /a/ vowels. No other significant differences in F0 were observed.
The main effects of vowel category and age were also examined for the duration ͑DUR͒ measurements. We had not predicted any specific variations in duration as a function of either vowel category or age. The analysis revealed that the effect of vowel category was not significant, pϾ0.10, but that the effect of age was significant, F͑2,181͒ϭ4.23, pϽ0 .02. The interaction was not significant. Follow-up tests showed that 16-week-olds' utterances were significantly longer than those of either the 12-or the 20-week-olds.
Taken as a whole the acoustic measurements show significant effects of both vowel category and age on infants' vocalizations. Infants' vowels, even though they occupy a smaller area within the vowel space when compared to adults' vowels, differ perceptually ͑as shown by phonetic transcription͒. Moreover, the perceptual differences in infants' vowels correlate with acoustic differences that are consistent with the acoustic dimensions that differentiate adults' vowels ͑Peterson and Barney, 1952; Syrdal and Gopal, 1986͒ .
D. Vocal imitation
The analyses thus far have demonstrated that young infants produce vowels that phonetically trained listeners can reliably code as /a/-like, /i/-like, and /u/-like, and that these categories vary acoustically, both in their formant values and in acoustic features calculated from the formant values. The fact that infants are capable of producing utterances perceived as /a/-like, /i/-like, and /u/-like by adult listeners allows us to pose the next question: Do infants systematically vary the utterances they produce as a function of the stimulus they hear? In other words, Is there evidence that infants are attempting to imitate the adult model?
If infants are capable of vocal imitation their vocalizations should vary as a function of the three stimulus conditions. The hypothesis of vocal imitation predicts that infants should produce more /a/-like utterances in response to the stimulus /a/ than to the /i/ or /u/ stimulus; similarly, they should produce more /i/-like utterances in response to the stimulus /i/ than to the /a/ or /u/; and finally, they should produce more /u/-like utterances in response to the stimulus /u/ than to the /a/ or /i/. Data regarding imitation will be presented at two levels of analysis, both at an utterance level and at the level of individual subjects.
The utterance-level analysis examines the entire corpus of 224 utterances. Figure 5 displays the corpus of 224 utterances in a stimulus-response matrix that provides the number of each infant utterance type ͑/a/-like, /i/-like, or /u/-like͒ as a function of stimulus condition ͑/a/, /i/, or /u/͒. Recall that infants were assigned randomly to stimulus groups, and that each infant was exposed to a video of the same female producing a vowel at the same rate for the same length of time. The only thing that varied was the particular vowel she produced. If the stimulus had no effect on infants' productions, the cells in a given row should not vary. Alternatively, if the stimulus affects infants' responses and infants are attempting to match the stimulus, then the largest cell frequencies will occur on the diagonal. The frequency of /a/ utterances will be at its maximum when the stimulus is /a/; the frequency of /i/ utterances will be maximum when the stimulus is /i/, and the frequency of /u/ will be maximum when the stimulus is /u/.
Visual inspection of the cell frequencies in the stimulusresponse matrix of Fig. 5 suggests that the vowel stimulus strongly affected the type of vowel infants produced in response. In all three rows, the cell with the highest frequency falls on the diagonal. The top row shows that the frequency of /a/ utterances was systematically influenced by the stimulus that infants heard. Of the 105 /a/ utterances produced by infants in the experiment, 66 ͑62.9%͒ occurred in response to the stimulus /a/, 25 ͑23.8%͒ occurred in response to the stimulus /i/, and 14 ͑13.3%͒ occurred in response to the stimulus /u/. A similar pattern emerges in the case of /i/ utterances. Of the 37 /i/ utterances produced by infants, 22 ͑59.4%͒ occurred in response to the stimulus /i/; 11 ͑29.7%͒ occurred in response to the stimulus /a/, and 4 ͑10.8%͒ occurred in response to /u/. The /u/ utterances also showed a similar profile. Of the 82 /u/ utterances produced by infants, 44 ͑53.7%͒ occurred in response to the stimulus /u/, 18 ͑22.0%͒ occurred in response to /a/, and 20 ͑24.4%͒ occurred in response to /i/. Figure 6 displays the stimulus-response matrices for each age individually. Examination of the nine rows in these tables ͑3 agesϫ3 response categories͒ shows that eight of the nine are in line with the prediction of vocal imitation. The utterance-level data just presented are informative because they show the distribution of all 224 utterances. However, infants' utterances entered into the table cannot be considered independent of one another. Therefore, a second analysis was undertaken at the subject level. In this analysis, infants were categorized as ''/a/ infants,'' ''/i/ infants,'' or ''/u/ infants'' depending on the utterance type they most frequently produced. For example, an infant who produced 12 criterion utterances during the course of the experiment, 7 coded as /u/-like, 3 as /a/-like, and 1 as /i/-like, would be classified as a ''/u/ infant,'' and so on. In classifying infants, only utterances transcribed identically by the two transcribers were considered. This was done to ensure that only infants' clearest utterances would be used in determining their classification as an /a/, /i/, or /u/ infant. The subject-level classification achieves statistical independence because each infant is listed once and only once in the matrix. Figure 7 displays the subject-classificationϫstimulus-condition matrix for all 45 infants who produced criterion utterances during the experiment. These data demonstrate that the vowel infants heard systematically affected their classification. In all three rows, the cell with the highest frequency falls on the diagonal, supporting the hypothesis of vocal imitation. A chi-square test of the 3ϫ3 contingency table is significant, 2 ͑4, Nϭ45͒ϭ30.97, pϽ0.0001.
1 Each row of Fig. 7 can also be considered individually. The top row shows that of the 19 infants classified as /a/ infants, 13 ͑68.4%͒ had heard the /a/ vowel during the experiment, 3 ͑15.8%͒ had heard /i/, and 3 ͑15.8%͒ had heard /u/, 2 ͑2, Nϭ19͒ϭ10.53, pϽ0.005. A similar pattern emerges in the case of /i/ infants. Of the 9 infants classified as /i/ infants, 8 ͑88.9%͒ had heard the /i/ vowel during the experiment, and only 1 ͑11%͒ had heard the /a/ vowel, pϽ0.025 by the binomial test. A similar pattern is also obtained in the case of /u/ infants. Of the 17 infants classified as /u/ infants, 11 ͑64.7%͒ had heard the vowel /u/ during the experiment, 2 ͑11.8%͒ had heard /a/, and 4 ͑23.5%͒ had heard /i/, 2 ͑2, Nϭ17͒ ϭ7.88, pϽ0.025. Figure 8 displays the subject-level matrices for each age considered individually. Examination of the nine rows ͑3 agesϫ3 response categories͒ shows that all are in line with the prediction of vocal imitation. Chi-square analyses showed that the matrix for the 20-week-olds reached significance, 2 ͑4, Nϭ13͒ϭ21.67, pϽ0.001. The 12-and 16-weekold matrices did not reach significance when considered individually; however, the data were significant with the larger N provided by collapsing the two younger age groups ͑12-and 16-week-olds͒ together, 2 ͑4, Nϭ32͒ϭ15.54, pϽ0.01. The subject-level analyses support the hypothesis of vocal imitation in infants under 20 weeks of age.
III. DISCUSSION
In this experiment infants' vocalizations in response to speech were examined. Infants at three ages, 12, 16, and 20 weeks of age, were recorded while they saw and heard a woman producing one of three vowels, /a/, /i/, or /u/. Infants' vocalizations were analyzed perceptually by having them phonetically transcribed and analyzed instrumentally using computerized spectrographic techniques. The discussion addresses three points: ͑a͒ infants' vowel space and the relationship between infants' vowels and adults' vowels, ͑b͒ developmental changes in infants' vowel productions, and ͑c͒ vocal learning, imitation, and the intermodal nature of speech in infancy.
A. Infants' vowel space
Acoustic analyses showed that although approximately 50% of infants' vowels overlapped the area of vowel space used by children and adults, half extended considerably beyond the traditional vowel space plotted by Peterson and Barney ͑1952͒. Infants produced vowels with higher F1 and F2 values than observed in the vowels of adult and child speakers of English. This was not unexpected given the smaller vocal tracts of infants and the resulting increase in the formant frequencies. From a descriptive standpoint, it is helpful to map the area used by infants so that future work may examine how it changes with age. From a more theoretical viewpoint, the data raise the issue of how listeners ͑including infants͒ perceive ''constancy'' across the vowels produced by different people.
Consider the category of /u/ vowels. The /u/-like vowels of infants have very different formant frequencies than the /u/ vowels spoken by men, women, and child speakers of English. How do adults ͑or, for that matter, infants͒ hear all these different /u/s as similar? Experiments have established that 6-month-old infants hear the similarity among vowels spoken by male, female, and child talkers ͑Kuhl, 1979 ͑Kuhl, , 1983 . More recent experiments suggest that younger infants, 2-month olds ͑Marean et al., 1992͒ and newborns ͑Walton et al., 1991͒, perceive vowel constancy as well. The results of the present experiments show that adults can also reliably classify infants' vowel-like utterances into phonetic categories. As underscored by these results and by others, the identity of a vowel is not determined by its absolute location in vowel space. Various authors have suggested that vowel constancy is achieved by relational information that takes into account the fundamental frequency of the vowel and the relationships among formants contained in the vowel ͑Miller, 1989; Nearey, 1989; Syrdal and Gopal, 1986͒ . There is as yet no full account of the underlying mechanism in humans, but the data suggest vowel constancy is a basic ability infants bring to the task of acquiring language.
Vowel constancy is critical to infants' speech and language development. Our data demonstrate that many infant vowels are outside the frequency range produced by adult speakers. If infants were unable to recognize the similarity among the vowels produced by different people, they would be unable to relate their own vowel productions to the vowels of adult speakers. It would not be possible for infants to learn the ''mother tongue'' without relating their own vowellike sounds to those produced by their language tutors. The dual findings from infant vowel categorization studies ͑Kuhl, 1979 ͑Kuhl, , 1983 ͑Kuhl, , 1985 Marean et al., 1992; Walton et al., 1991͒ and the present data on imitation provide converging support for the inference that young infants have in place a perceptual-motor system that allows them to use vowels spoken by adults to guide the production of their own vowels.
B. Developmental changes in vowel production: Extending the native language magnet model to speech production
The acoustic analysis of infants' vowels demonstrated developmental change. From 12 weeks of age to 20 weeks of age, infants' vowel categories became increasingly differentiated. This was true whether infants' vowels were examined in a two-formant coordinate vowel space or in a compactdiffuse, grave-acute vowel space. Infant vowel categories appear to be more tightly clustered at 16 weeks than at 12 weeks, and more tightly clustered at 20 weeks than at 16 weeks. What causes the increased separation of vowel categories over this relatively short ͑8-week͒ period?
Anatomical changes could play a role. However, what kind of anatomical change could be responsible for the precise shift observed in infants' vocalizations? There was no general shift observed in the frequency of F1 or F2 in infants' vocalizations. Rather, tighter clustering in three areas of the vowel space which resulted in greater separation between the vowel categories was observed. Anatomical factors alone would be hard pressed to account for these specific changes.
We suggest a second account for the observed clustering of vowels in acoustic space. We propose that infants' perceptual representations of vowels, stored in memory, serve as ''targets'' that infants try to match when producing speech themselves. According to Kuhl's native language magnet ͑NLM͒ model, infants store representations of the vowels of their native language ͑Kuhl, 1992 language ͑Kuhl, , 1993a language ͑Kuhl, , b, 1994 Kuhl and Meltzoff, in press͒ . These stored representations derive from linguistic input and alter speech perception at a very early age. The hypothesis being put forward here extends the NLM model to developmental change in speech production.
How might this work? Studies of infant speech perception demonstrate that linguistic experience alters speech perception at a very early age ͑Grieser and Kuhl, 1989; Kuhl, 1991; Kuhl et al., 1992͒. In Kuhl et al. ͑1992͒, 6-month-old infants in the United States and Sweden were tested with English and Swedish vowel ''prototypes,'' exceptionally good instances of the two vowel categories. The results showed that both groups of infants treated the nativelanguage sound in a unique way: They demonstrated greater perceptual generalization ͑or clustering͒ around the nativelanguage prototype than around the foreign-language prototype, even though psychophysical distance was equated.
Kuhl ͑1991͒ termed the greater clustering around prototypes a perceptual magnet effect. The effect indicates that vowel space is warped by linguistic experience. Psychological distance in the vicinity of the category prototype is shrunk when compared to a nonprototype ͑Iverson and Iverson and Kuhl, 1996; Kuhl, 1991; Kuhl and Iverson, 1995͒. Kuhl ͑1992, 1993a suggested that the magnet effect is attributable to memory representations of speech sounds.
Even if exposure to ambient language results in representations for speech sounds, infants' developmental changes in speech production still require some sort of link between the stored representations and motor output. We think we now have such evidence. The current study demonstrated that a total of 15 min of exposure ͑5-min exposure to a specific vowel for each of 3 days͒ was sufficient to influence vocalizations in infants under 20 weeks of age. If 15 min of laboratory exposure to a specific vowel is sufficient to influence infants' production of that vowel, then listening to the ambient language for many weeks could plausibly provide sufficient exposure to induce the kind of change seen in infants between 12 and 20 weeks of age.
2
It is known from the results of babbling studies in different cultures that very long-term exposure to speech influences infant speech production ͑de Boysson- Bardies et al., 1989; de Boysson-Bardies et al., 1984͒ . Two-year-olds from different cultures clearly sound different. The current experimental study demonstrates that controlled laboratory exposure influences the vocal productions of infants under 20-weeks of age. Thus, the potential for vocal learning in the early months of life exists and may be capitalized on in more natural environmental interactions.
We thus seek to unify recent findings in speech perception and production by suggesting that representations of speech may underlie both. The hypothesis is that the tighter clustering observed in the present study of infant vowel production and previous results showing tighter clustering in infant vowel perception as a function of linguistic exposure are both attributable to a common cause-the formation of memory representations that derive initially from perception of the ambient input and then act as guides for motor output ͑Kuhl and Meltzoff, in press͒.
C. Vocal imitation, vocal learning, and the intermodal nature of speech
Vocal imitation for infants between 12 and 20 weeks was demonstrated. When listening to an adult speaker produce vowels, infants responded with vocalizations that perceptually matched the vowels presented to them. Infants produced more /a/-like utterances when listening to /a/ than they did when listening to /i/ or /u/; similarly, infants produced more /i/-like vowels when listening to /i/ than when listening to /a/ or /u/; finally, they produced more /u/-like vowels when listening to /u/ than when listening to either /a/ or /i/. Subject-level analyses that classified infants as /a/, /i/, or /u/ infants according the their predominant vocalizations provided direct statistical support for the vocal imitation hypothesis. Instrumental analysis revealed that infants' /a/-like, /i/-like, and /u/-like vowels exhibit the same featural relationships as exist in the /a/, /i/, and /u/ vowels produced by adults. The combined transcriptional and instrumental results provide strong support for the hypothesis that infants between 12 and 20 weeks are capable of vocal imitation.
Was imitation guided by the facial movements infants saw or by the sounds they heard? As yet, studies have not been conducted isolating the visual component of the experiment ͑the face without sound͒ from the auditory component ͑the sound without the face͒. However, one study is relevant. When the face used in this study was presented with nonspeech tones sharing one spectral feature of the vowels ͑but not identifiable as speech͒, infants did not produce speech sounds ͑Kuhl and Meltzoff, 1982 . This suggests that hearing a speech sound, not merely seeing the moving face, plays a role in compelling infants to produce speech themselves ͑see also Legerstee, 1990͒. How is it that by 12 weeks of age infants are capable of moving their articulators in a way that is appropriate to achieve a specific auditory target? We do not know whether there is an initial tendency for human speech to drive infants' vocal productions analogous to the tendency for visually perceived body movements to drive corresponding body acts, as manifest in newborn gestural imitation ͑Meltzoff, 1990; Meltzoff and Moore, 1977 , 1983a . Even if so, speech development would rapidly be influenced by experience, especially that gained by infants' own cooing and sound play. Infant cooing begins at about 4 weeks of age and would allow infants to discover that articulatory movements of a particular type have very specific auditory consequences. This would result in the development of an auditory-articulatory ''map'' relating self-produced auditory events to the motor movements that caused them. These experiences would, in turn, lead to the development or refinement of any perceptual-motor linkages that were present initially.
Presumably, infants' successive approximations of vowels would become more accurate as infants relate the acoustic consequences of their own articulatory acts to the acoustic consequences of the articulatory acts of others ͑representa-tions stored in memory͒. We argue that infants make progress by comparing the two, eventually converging on vowels that match their memory representations. Infants in particular cultures would thus begin to produce utterances that resemble ambient language input.
This account implies that infants not only have to be able to hear the sounds produced by others, but that they need to hear the results of their own attempts to speak in order to learn to speak ͑Locke, 1993͒. Without the auditory feedback from their own articulatory movements, they would not close the perceptual-motor loop and fill in the auditoryarticulatory map. Both hearing the sound patterns of ambient language ͑auditory exteroception͒ and the ability to hear one's own attempts at speech ͑auditory proprioception͒ are critical to determining the course of vocal development. This description of speech development is consistent with emerging data and theory concerning vocal learning in songbirds ͑Konishi, 1989͒-both include a period of perceptual learning during which auditory communicative signals heard from adult members of the species are stored in memory followed by a period of perceptual-motor practice. On this account, the early articulations of infants are not just random movements of the ''speech limbs'' with no consequences. Instead, infants are consolidating mapping rules that relate self-produced auditory events to self-produced movement patterns. The resulting information can be used to guide their future behavior; it informs them about what to do with their articulators to achieve a specific auditory target. It will be of considerable interest to investigate the specificity of the auditory-articulatory map, its initial state, and how its configuration changes with age and linguistic experience.
1 Note that some matrices have expected values less than 5.0 in more than 20% of the cells. Therefore, as recommended by Everitt ͑1992͒ and Mehta and Patel ͑1986͒, exact probabilities were computed to derive the significance values for the chi-square tests in these cases. StatXact statistical software ͑Mehta and Patel, 1992͒ was used. 2 An interesting question raised by our findings is whether the imitation of vowels in the laboratory is affected by infants' prior experience with ambient speech. Would infants show vocal imitation only for sounds they have had previously experienced? The answer to this will be determined by future studies comparing infant imitation of previously experienced ͑native-language͒ speech with their imitation of previously nonexperienced ͑foreign-language͒ speech. In demonstrating vocal imitation for nativelanguage sounds in infants under 20 weeks with 15 min of exposure, an experimental technique and baseline data relevant to this question have been established. 3 In principle these factors are dissociable. One approach involves studies of infants who are tracheostomized and thus aphonic during early infancy. Locke and Pearson ͑1992͒ studied such an infant, a girl who was aphonic from 5 to 20 months. They reported that after decannulation the incidence of canonical babbling was near zero despite normal hearing.
